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SUMMARY 

An investigation has been conducted in the Langley 16-foot transonic tunnel to deter- 
mine the static longitudinal aerodynamic characteristics of a rocket-powered model of the 
Apollo launch-escape vehicle. 
pressure distributions were also obtained. 
up to 61° with rocket-thrust coefficients varying from 0 to 5.8. 

The effects of rocket jet exhaust on the command-module 
The tests were conducted at angles of attack 

The resul ts  of the investigation show that the jet interference from the rocket 
exhaust increased the vehicle axial-f orce (drag) coefficient and generally decreased the 
static longitudinal stability at all Mach numbers. Jet  impingement occurred on the lower 
surface af the command module and caused high local-pressure peaks at the higher angles 
of attack. The combined effects of rocket exhaust, angle of attack, and Mach number 
resuiieci in irreguiar variations in the aerodynamic characterist ics of the Apollo launch- 
escape vehicle. 

INTRODUCTION 

Several investigations have been conducted to determine the static longitudinal aero- 
dynamic characterist ics of models of atmospheric abort configurations of proposed Apollo 
spacecraft (refs. 1 to 3, fo r  example). All these investigations were made without simu- 
lation of the jet exhaust f rom the escape-rocket nozzles. An ear l ier  investigation nf a 
Mercury escape configuration with flow through the rocket exhaust indicated changes in 
the static stability at low angles of attack (ref. 4). The stability of a vehicle such as the 
Apollo with an escape rocket ahead of the command module would also be expected to 
change with the rockets firing. Information on the effect of the escape-rocket exhaust 
plumes on the static longitudinal aerodynamic characteristics of the Apollo launch-escape 
vehicle was therefore required for  predicting abort trajectories. 
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The f i r s t  attempt to simulate the effect of the rocket-exhaust plumes on the aerody- 
namics of an Apollo abort vehicle utilized solid bodies to represent the predicted shapes 
of the jets. It was  believed that this method did not produce adequate simulation of the 
actual rocket exhaust, and, in particular, completely excluded the effects of jet impinge- 
ment on the command module which could occur at high angles of attack. 

Test results of a rocket-powered 0.085-scale model of the Apollo launch-escape 
vehicle using the hot-jet simulation system of the Langley 16-foot transonic tunnel are 
reported herein. This system, using the decomposition products of hydrogen peroxide, 
provides properly scaled thrust values and good simulation of jet-interference effects 
including exhaust impingement. The tes ts  were conducted at Mach numbers from 0.5 
to 1.3 at angles of attack up to 61' over a thrust-coefficient range from 0 to a maximum 
of 5.8. The test Reynolds number based on a model base diameter of 33.25 centimeters 
and free-stream conditions varied from 2.95 X lo6 to 4.38 X lo6. Force data were 
obtained on the complete Apollo launch-escape-vehicle model and pressure distributions 
were measured on the command-module surfaces. 

SYMBOLS 

The positive direction of forces  and moments is shown in figure 1. The basic data 
presented herein a re  referred to the body system of axes with the origin located at the 
theoretical apex of the command module. 

Coefficients 

Aerodynamic coefficients (include jet-interference effects but not the direct forces 
or  moments produced by the jets): 

CA 

CD 

CL 

Cm 

CN 

CP 

Axial force axial-f orce coefficients, 

Drag drag coefficient, - 

Lift lift coefficient, - 

q,A 

q,A 

q,A 
Pitching moment pitching-moment coefficient , 

q,Ad 
Normal force normal-force coefficient, 

%A 

pressure coefficient, 
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Coefficients of force and moment components of jet thrust: 

CA,f 
(Axial force). 

static axial-thrust coefficient. 
PaA 

(Axial force), 
cA,j q,A cos 35O 

thrust  coefficient, 

Cm ,f 

CA j COS 350 
resultant thrust coefficient, CA,f o r  

cos 8 COS e 
(Pitching moment)j 

static pitching-moment coefficient, 
PaAd 

(Pitching moment)j 
pitching-moment coefficient, 

(Normal force)j  

PaA 
static normal-force coefficient, cN ,f 

(Normal force) j 
normal-f orce coefficient, 

q,A 

Coefficients with aerodynamic and thrust components included: 

CA,t total axial-force coefficient, cA - c ~ , ~  cos 35O 

C,,t total pitching-mnmmt rneffjrjent, cIIl + “m,j 

CN,t total normal-force coefficient, CN + c N , j  

Other Symbols 

A maximum cross-sectional area of command module, m2 

Ae nozzle exit area, cm2 

At nozzle throat area,  cm2 

d maximum diameter of command module, cm 

2 length of command module, cm 

M Mach number 
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P pressure,  N/m2 

rocket-chamber pressure, N/m2 
P j 

q dynamic pressure, N/m2 

I R gas constant 

r radius, cm 

V velocity, m/s 

T total temperature , OK 

X axial distance, cm 

a! angle of attack of model center line, deg 

, I 
i Y ratio of specific heats 

8 angle between model center line and thrust axis, deg 

@ angular location of orifice with respect to module axis (see fig. lo),  deg 

Parameters 

a Cm static-longitudinal-stability parameter, aa! at a! = Oo, per deg 

normal-force-curve slope, aa! at a! = 00, per deg 

%! 

cNa! 

Subscripts 

a ambient 

f static thrust 

2 local 
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t total 

00 f r ee  s t ream 

max maximum 

APPARATUS AND PROCEDURE 

Wind Tunnel 

This investigation was conducted in the Langley 16-foot transonic tunnel, which is 
an atmospheric wind tunnel with an octagonal slotted test section and a continuous air 
exchange which allows testing of propulsion models. 

Propellant Supply System 

The propellant supply system consisted of a hydrogen peroxide (H202) storage and 
pumping t ra i ler ,  a cryogenic nitrogen tank farm,  nitrogen vaporizer unit and high- 
pressure gas-storage bottle field, and a propellant pressurizing and flow control trailer.  
The high-pressure H202 supply-system trai ler ,  shown in the photographs of figure 2, had 
a 0.38-cubic-meter cylindrical stainless-steel tank which was capable of providing an 
H202 flow rate of 6.80 kg/sec at a pressure of 2068 N/cm2. The propellant flow rate 
w a s  set  by the tank pressure and a remotely controlled throttling valve. 

Model 

General description.- A sketch of the 0.085-scale model of the Apollo launch- 
escape vehicle including some of the major dimensions is shown in figure 3. A closeup 
photograph of the model is presented in figure 4 and a photograph of the model mounted 
on the support system in the 16-foot transonic tunnel test  section is shown in figure 5. 
This picture shows the sting-support system with a 45O bent knuckle adapter which per- 
mitted testing in the angle-of-attack range from about 45O to 610. Four different bent- 
knuckle adapters were required to cover the angle-of -attack range; the angle-of -attack 
ranges covered by the respective knuckles were -5O to 1l0, 15' to 31°, 30° to 45O, and 
45O to 61'. 

Propulsion system.- Liquid H202 was brought through the sting-support system and 
into the model by two stainless-steel propellant lines (fig. 6). Within the command mod- 
ule, the lines were formed into concentric right- and left-hand helices around the strain- 
gage force balance. This installation provided the flexibility required in bringing the 
lines across  the force balance so that there was minimum restraint  and thus minimum 
reduction in balance sensitivity. Further, the helices reduced to an insignificant level 
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the ta re  loads on the balance due to pressurization. 
w a s  fed into a plenum chamber f rom which it was passed through the four  tower legs into 
the gas generator within the rocket-motor casing. 

From the helical coils, the H202 

The small scale of the model, together with the high propellant flow rates required, 
posed unique design problems for  an H202 rocket. Conventional axial-flow catalyst 
arrangements for decomposing H202 (as described in ref. 5) could not be used because of 
the high bed loadings (ref. 6). For  the present model, the liquid propellant would have to 
flow forward through an internal catalyst, be decomposed into a gas which then must 
reverse  direction to  flow rearward out of the nozzles. Allowing for  a reasonable gas 
passage, aii axia!-f!m catalyst wnulrl have a bed loading. - about 20 t imes higher than the 
normal value. 
tion would make such a configuration impractical, a new approach w a s  developed. A 
radial flow decomposition chamber w a s  designed as shown in figure 7. An important 
feature of this design is the solid conical rod centered in the injector tube which acts  to 
equalize the liquid pressure along the entire length of the catalyst pack and thus insures 
uniform flow. With this design, the catalyst bed would provide up to 30 minutes of firing 
time before failure. Failures were not due to the usual deterioration of the si lver cata- 
lyst pack but were caused by compression and eventual separation of the individual packs 
from the spacer disks as a result of thermal cycling. A photograph of catalyst beds used 
in the investigation is shown in figure 8. 

Since erosion, short operational life, and probably incomplete decomposi- 

A s  shown in the upper sketch of figure 7, the decomposed H202 flowed rearward in 
the rocket-motor casing through an annular passage and into a gas plenum chamber. The 
gas was then exhausted through four nozzles which were canted 350 from the rocket- 
motor center line. All four nozzles had divergence half-angles of 17.5O. The two noz- 
z les  in the yaw plane had equal throat a r eas  and equal exit-area ratios of 8.59. The 
upper nozzle in the pitch plane had a smaller throat a r ea  and a larger exit-area ratio of 
10; the lower nozzle in the pitch plane had a larger  throat area and smaller exit-area 
ratio of 7.62. The asymmetric thrust of the nozzles in the pitch plane provides the off- 
set  thrust vector (2O45') shown in figure 1. 

During a later phase of the investigation, the aerodynamic characterist ics of the 
launch-escape vehicle were obtained at thrust coefficients corresponding to the tail-off 
burning period of the full-scale rocket motor. At the low flow ra t e s  required for these 
conditions, the full-length catalyst bed performed erratically and made setting and con- 
trolling chamber pressures  very difficult. For  these tes ts  the decomposition bed w a s  
shortened by omitting about 15 cm of the catalyst at the forward end of the pack. This 
configuration provided satisfactory thrust characteristics at low values of thrust coeffi- 
cients. Static thrust calibrations of the launch-escape-rocket model for  both types of 
catalyst configurations are presented in figure 9. 
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Rocket - Exhaust Simulation 

J e t s  exhausting near adjacent surfaces have been found to produce appreciable 
effects on the surface pressures  and temperatures and on the vehicle aerodynamics and 
stability. It was expected, therefore, that the exhausts from the launch-escape rocket 
could affect the stability and loading characteristics of the command-module abort sys- 
tem due both to blockage of the free-s t ream flow by the jet plumes and to  actual impinge- 
ment of the jet on the surface of the capsule. In the present case, where the downstream 
portion of the je ts  may influence the aerodynamic characteristics of the vehicle, simula- 
tion parameters affecting the jet penetration into the free-stream flow and the jet mixing 
with the f r ee  s t ream need to be considered (refs. 7 and 8). In addition the scaled jet 
thrust is desired to produce the proper reaction on the model aerodynamic and stability 
characteristics. 

The model rocket nozzles had scaled throat a reas  At and exit a r eas  A, and the 
same expansion ratios Ae/At as the full-scale rocket nozzles and thus kept both exter- 
nal and internal geometric similarity. The ratio of specific heats y for  the H202 sim- 
ulating exhaust (y = 1.265) was close to that of the solid-propellant rocket ( y  = 1.23). 
The resulting thrust-simulation parameter (ref. 8) for  matched stream conditions and 
jet-pressure ratios gave values of Y - M - ~  of 15.3 and 14.0 for  the model and full-scale 3 3  
vehicles, respectively. Presentation of data in terms of thrust coefficient 
(CA,~ = Thrust/q,A).provides good approximations of the jet effects on the Apollo launch- 
escape vehicle. 

In addition to thrust simulation, the duplication of jet-boundarv shape is d e s i r d  

With the same divergence angle as that of the full-scale nozzle, the exit static-pressure 
ratio pj/p, along with y. and Mj determine the initial plume-shape similarity. 
Moreover, to meet the objectives of the present type of investigation, the downstream jet 
shaping is equally important. Matching the mixing boundary shape may be possible with 
simulation of (RT) of the full-scale rocket (ref. 8). Although the decomposition products 
of H202 have RT values of less  than 40 percent of the high-temperature full-scale 
rocket, this exhaust provides very much better simulation of downstream boundaries 
than that obtainable with cold air. Additional compromises in nozzle geometry would 
also be reqdired to &ain sinidation of initial jet shape with air. 

3 

Instrumentation 

Total forces  and moments on the Apollo launch-escape vehicle were measured with 
a three-corn-pnnent strain-gzge 5aIanze iiistalkd iii the coiimiad module. Static- 
pressure orifices were located in the rocket chamber, at the base of the rocket, and on 
the forward-facing conical surface and base of the command module. The pressure- 
orifice locations are shown in figure 10. Pressures  were measured with electrical 
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pressure transducers. Liquid hydrogen-peroxide propellant flow w a s  measured with an 
impeller electronic flowmeter. The signals f rom the balance, pressure transducers, 
and the flowmeter were converted to dc millivolts and recorded on magnetic tape. The 
rocket-chamber pressure was also observed visually on a millivolt meter in order  to 
set  rocket-chamber pressure and vary thrust coefficient. 

TESTS 

Static rocket-thrust calibrations were conducted with a shroud around the command 
module to prevent any jet forces  on the module. The variation of axial force,  normal 
force, and pitching moment due to components of the static thrust a r e  given in figure 9. 
Wind-tunnel measurements of force and pressure data were obtained at Mach numbers 
f rom 0.5 t o  1.3 at angles of attack up to 61°. Thrust coefficient cA,j  was varied from 
0 to about 5.8 depending upon Mach number. The maximum rocket-chamber pressure 
achieved was about 1120 N/cm2. Tests  conducted at high values of thrust coefficients 
with the rocket-chamber configuration shown in figure 7 covered an angle-of-attack 
range up to  610, while those made with the shortened catalyst bed were run at  angles of 
attack from 0 to 31°. 

The test  runs were made by f i r s t  setting Mach number and angle of attack and then 
taking data through a range of chamber-pressure ratios f rom 1 (jets off) to the maximum. 
In the course of operating the rocket through the cycle, tunnel Mach number varied some- 
what, particularly at supersonic speeds. For example, where data is presented at a 
nominal value of M = 1.3 some of the test  points may actually be at  Mach numbers that 
a r e  as low as 1.27. 

RESULTS 

The results of the investigation are presented in  the following figures: 
Figure 

Variation of thrust coefficient with Mach number . . . . . . . . . . . . . . . . . .  11 
Variation of total force and moment coefficient with thrust coefficient . . . .  1 2  and 13 
Variation of total force and moment coefficient with angle of attack . . . . . .  14 and 15 
Variation of axial-f orce coefficient with thrust coefficient . . . . . . . . . . . . .  16 
Variation of normal-f orce coefficient with thrust coefficient . . . . . . . . . . . .  17 
Variation of pitching-moment coefficient with thrust coefficient . . . . . . . . . .  18 
Variation of axial-force coefficient with angle of attack . . . . . . . . . . . . . .  19 
Variation of normal-force coefficient with angle of attack . . . . . . . . . . . . .  20 
Variation of pitching-moment coefficient with angle of attack . . . . . . . . . . .  21  
Variation of lift coefficient with angle of at tack.  . . . . . . . . . . . . . . . . . .  22 
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Figure 
23 

Variation of total axial-force coefficient at zero angle of attack with 
Mach number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24 

Variation of total normal-force-curve slope with Mach number . . . . . . . . . .  25 
Variation of total static-longitudinal-stability parameter with Mach number . . .  26 
Pressure  distributions and loading on command module . . . . . . . . . . . . .  27 to 30 

Variation of drag coefficient with angle of attack . . . . . . . . . . . . . . . . . .  

the thrust coefficient decreases with increasing Mach number for two reasons: One, 
chamber pressure,  and thus thrust decreases,  and two, dynamic pressure increases. 

DISCUSSION 

Mach number of 0.50 is presented in figure 12. Jet-off and low thrust-coefficient values 
show positive axial force. The thrust overcomes the aerodynamic axial force at thrust 
coefficients between 0.4 and 0.8 and higher values of thrust coefficient would produce 
forward acceleration (fig. 12(a)). Normal-force coefficient generally increases with 
thrust coefficient (fig. 12(b)) due to an increasing component of the thrust, 
and the pitching moment generally becomes more positive except for  some reversal  at  
higher values of a! and low values of cA,j  (fig. 12(c)). Generally similar t rends of 
the axial-farce data ocmr at the highest Mach number (fig. i3(a)). Total normal-force 
coefficient at M = 1.3 and a! = 00 (fig. 13(b)) increases with cA,j as at  M = 0.50 
but at  a slower rate. With increasing a! up to 45O, CN,t generally stays relatively 
constant with increasing C but at a! = 610 the effects of thrust are reversed and 
CN,t decreases.  The total pitching-moment coefficient at M = 1.3 (fig. 13(c)) also 
shows the destabilizing effect of the rocket except in an angle-of-attack range from about 
310 to 45O where the effects a r e  either negligible or slightly stabilizing. 

I 

I 

c N , j  (fig. l), 

A,j 
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Cross plots at  constant values of thrust coefficient f rom figures 12  and 13 a r e  pre-  
sented in figures 14 and 15, respectively, to illustrate the variation in total force and 
moment coefficients with angle of attack for  constant values of 
dynamic decrease in axial-f orce coefficient with increasing angle of attack is generally 
consistent at all values of thrust coefficient (figs. 14(a) and 15(a)). Total normal-force 
coefficients had similar increasing trends with increasing angle of attack for  all thrust 
coefficients at M = 0.50 (fig. 14(b)) but showed decreasing slopes at the highest angles 
of attack at M = 1.30 (fig. 15(b)). With the je ts  off, the vehicle was stable over a rela- 
tively small range of angles of attack. At the lowest Mach number the action of the jet 
exhaust at lower values of increased the angle-of-attack range over which the 
venicie was sraure, UQL a~ I U ~ ~ ~ ~ ~  L l l A U U &  _ _ _ _ _ _  _ _ _ _  
tive stability was decreased. At a Mach number of 1.30, operation of the rocket jets 
extended the stable range of angle of attack approximately 15O for  all values of thrust 
coefficient, The two examples of total coefficients presented in figures 14 and 15 are 
typical of data obtained in the low and high Mach number ranges. 

CA,j. The expected aero- 

cA,j 
' -'-' - '-- + -+ L:-C,.- +hr.-*n+ onnffioientn thp angle-of-attack range f o r  posi- - .  . 

Aerodynamic Force and Moment Coefficients 

The aerodynamic coefficients were obtained from the total coefficients by removing 
the applicable components of the jet thrust. Therefore these coefficients represent the 
aerodynamic characteristics of the vehicle in the presence of the flow field as altered by 
the exhaust plumes. Comparing these data with resul ts  obtained without exhaust simula- 
tion indicates the magnitude of the jet-interference effects on the vehicle aerodynamics. 

The variation of force and moment coefficients with thrust coefficient is presented 
in figures 16 to 18 for  the range of test  Mach numbers. For some ranges of thrust coef- 
ficient at  the higher angles of attack, complete data coverage w a s  not obtained and extrap- 
olations are indicated by dashed lines. Variation of force and moment characterist ics 
with angle of attack a r e  presented in figures 19 to 21. 

Variation of axial-force coefficient with thrust coefficient.- The effect of varying 
thrust coefficient on the axial-force coefficients presented in figure 16 indicates that the 
escape-rocket jets would produce an unfavorable interference on the launch-escape- 
vehicle acceleration during an abort. For every level of rocket -thrust coefficient, the 
axial-force coefficient was increased at all angles of attack and Mach numbers over the 
range of jet-off axial-force values. Generally the largest  interference effect occurs at 
the maximum thrust coefficient with some small  exceptions in the moderate angle-of - 
attack range. The rate  of increase in CA with thrust coefficient var ies  both with angle 
of attack and'Mach number. In some cases  the increase in axial force reaches a maxi- 
mum value at  low thrust coefficients and remains nearly constant with increasing thrust 
(for example, at  M = 0.50, fig. 16(a)), whereas in others there is a continuous increase 
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to the maximum value of thrust coefficient, particularly at the highest angle of attack 
for M = 0.90. 

Variation of normal-force coefficient with thrust coefficient. - The effect on normal- 
force  coefficient of increasing thrust coefficient varies irregularly with Mach number and 
angle of attack (fig. 17). Generally, the overall trends are small  and in a negative direc- 
tion with some exceptions at the higher angles of attack. For  example, at M = 0.70, CN 
increases moderately with increasing cA,j above a! = 31°, whereas, at higher Mach 
numbers CN decreases  moderately, particularly at a! = 61'. 

I Variation of pitching-moment coefficient with thrust coefficient. - As might be 
expected, the variation of the pitching-moment coefficient with thrust coefficient is i r reg-  
ular as a result of the rocket free-stream flow-field interaction over the vehicle (see 

moment coefficient resulted f rom increases in thrust coefficient. At angles of attack 
above about 200, moderate increases in thrust coefficient produced initially more negative 
vehicle pitching-moment coefficients. Further increases in thrust coefficient generally 
caused a reversing trend toward more positive values of pitching-moment coefficient (for 
example, see  figs. 18(a) and 18(b)). At the highest angle of attack (a! = 610) pitching- 
moment coefficient var ies  irregularly with thrust coefficient and maintains generally a 
large positive value. 

I fig. 18). At the lowest speeds and angles of attack, generally small changes in pitching- 

Variation in axial-force coefficient with angle of attack.- The aerodynamic axial- 
force variation with angle of attack is presented in figure 19. For  jet-off conditions 

(C, = 0), the aerodynamic axial force peaks at about a 100 angle nf 2tkcL 222 the:: 

decreases with increasing angle of attack throughout the Mach number range. This 
variation in aerodynamic axial-force coefficient with angle of attack is similar to the 
results of reference 2 for  a model with a rocket-nozzle fairing. With the jets oper- 
ating, the axial force generally decreases continually with increasing angle of attack. 
At supersonic speeds the axial force decreases less rapidly with angle of attack with 
the jets operating than with the jets off. This decrease is apparently caused by the 
more positive pressure coefficient on the lower surface of the command module 
resulting from jet impingement, as can be seen in figure 28(c) and (d). 

. - - I d  t 

Variation of normal-force coefficient with angle of attack.- The jet-off variation of 
normal-force coefficient with angle of attack (fig. 20) also shows similarity to the data of 
references 1 and 2 with some increase in normal-force-curve slope occurring around 30° 
angle of attack. 
except for  irregular changes in slope at some Mach numbers. 

Jet-on normal-force curves a r e  generally similar to the jet-off curves 

Variation of pitching-moment coefficient with angle of attack.- The variation of 
pitching moment with angle of attack for  the Apollo launch-escape vehicle is character- 
istically nonlinear. (See fig. 21.) As indicated in  reference 9, the nonlinearity resul ts  
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f r o m  the wake of the escape-rocket case and tower structure disrupting the flow over the 
upper side of the command module as the angle of attack is increased. The pitching 
moment about the apex indicates that the vehicle is stable up to about a 400 angle of 
attack at M = 0.50 with je ts  off (fig. 21(a)). This stable region rapidly decreases with 
increasing Mach number until at M = 1.3 the launch-escape vehicle maintains stability 
only to about 110. For center-of-gravity positions further aft than the apex, the present 
configuration would be even less  stable. The model became abruptly unstable at subsonic 
Mach numbers at angles of attack around 400. Similar trends a r e  indicated for the 
atmospheric-abort configuration of reference 1. 

The effect of the rocket exhausts on the pitching-moment coefficients of the Apollo 
launch-escape vehicle varies with thrust coefficient and Mach number over the angle-of - 
attack range. Most of the abrupt changes to unstable conditions (positive slope of the 
pitching-moment curves) occur between angles of attack of about 300 and 50° and indicate 
that the basic jet-off aerodynamics of the vehicle has the predominant effect on the sta- 
bility. The rocket-jet exhausts do alter the variation in pitching-moment coefficient 
with angle of attack by changing the degree of stability, the amount of neutral stability, 
and the location of the unstable angle-of-attack range. Increases in rocket thrust to mod- 
erate  values of thrust coefficients generally extend the stable angle-of-attack range of the 
vehicle at all Mach numbers. At low and moderate thrust coefficients, the point at which 
the system becomes abruptly unstable shifts to higher angles of attack with increasing 
thrust  coefficient. For the higher values of thrust  coefficient this trend reverses  and the 
vehicle becomes unstable at successively lower values of angle of attack as the thrust 
coefficient is increased. 

Lift and drag coefficients.- The variation of lift and drag coefficients with angle of 
attack a re  presented in figures 22 and 23, respectively, for  the test Mach number range 
at jet-off conditions. Lift coefficient increases with angle of attack up to 5O and then falls 
off up to about 15O o r  200 and then again increases at a lower rate with increasing angle 
of attack at all Mach numbers. 
similar to those for  the lift coefficient but the fall off after the initial increase s ta r t s  at  
an angle of attack of about loo. 

The trends of drag coefficient with angle of attack a r e  

Aer odynamic Parameters  

The axial-force coefficient and the slopes of the normal-force-coefficient and 
pitching-moment-coefficient curves at zero angle of attack are presented in figures 24 
to 26. These plots a r e  shown to illustrate the effect of escape-rocket operation on these 
parameters; in practice, the magnitude of the thrust increment wil l  vary with angle of 
attack and thrust coefficient. Axial-force coefficient is increased (up to 50 percent) and 
normal-force-coefficient slope is decreased (by as much as 68 percent) throughout the 
Mach number range due to maximum rocket thrust. The static-longitudinal-stability 
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parameter at zero angle of attack shows an increase in stability with increasing Mach 
number above M = 0.7 for  the launch-escape vehicle with the escape rocket not 
thrusting. Maximum rocket thrust decreased the stability throughout the Mach number 
range with the stability about the command-module apex becoming almost neutral near 
Mach 1. As was pointed out earlier, the vehicle is very unstable at higher angles of 

I attack. 

rating effect in this region and thereby lower the pressure. The jet effect on the 
command-module pressures  are similar regardless of orientation with respect to  the 
nozzles, which indicates a substantial spreading of the jet plume at this speed as well as 
at M = 1.30 (fig. 28(a)). At moderate angles of attack (up to 31°), the pressure distri-  
uuLIulls v a r y  wi th  pusiiiuri, as ihe iiow is compiicatea by effects of angle of attack, flow 
through and wake of the tower structure, the wake of the escape rocket, and the proximity 
of the jet-exhaust plume. At an angle of attack of 55O (fig. 28(d)) impingement of the 
exhaust plume on the lower surface of the command module is apparent. 

1 L --- ___. 
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and cA, j  = 1.6). The pressure distributions on the lower surface at supersonic speeds 
are similar to those at a Mach number of 0.90. 

Peak pressures on the lower surface of the command module.- The maximum local 
pressures on the lower surface of the command module (@ = 1800) obtained from data 
similar to that shown in figure 29 are presented in figure 30. These peak loadings gen- 
erally occurred at about the same angles of attack and thrust coefficients throughout the 
Mach number range, with the angles varying from 500 to  60' and fo r  thrust coefficients 
near 1.6. Even though the jet-impingement point moves rearward on the command- 
module surface with increasing thrust coefficient at a constant Mach number and angle of 
attack, this rearward movement is counteracted by a forward movement of the impinge- 
ment point as the angle of attack and Mach number are increased with the thrust coeffi- 
cient held constant. The location of the peak pressure at @ = 180° on the command 
module occurred between x/Z of 0.5 and 0.7 for  all Mach numbers. The maximum 
pressure of about 20 N/cm2 occurs in the transonic speed region f o r  the tes t  range of 
the present investigation. 

CONCLUDING REMARKS 

An investigation has been conducted in the Langley 16-foot transonic tunnel to 
determine the effect of the escape-rocket exhaust on the aerodynamic and loading char- 
acteristics of the Apollo launch-escape vehicle. Data were obtained over a Mach number 
range from 0.5 to 1 .3  at  angles of attack up to 61° fo r  escape-rocket thrust coefficients 
f rom 0 to 5.8. Although the effects of Mach number, angle of attack, and a forward- 
located multiple-nozzle exhaust flow all combined to produce somewhat irregular aerody- 
namic characteristics for  the vehicle, the following general resul ts  from the investigation 
were observed: 

The jet interference from the escape-rocket exhaust increased the vehicle axial- 
force (drag) coefficient a t  all Mach numbers. 

Near zero angle of attack, the effect of rocket-jet operation decreased the vehicle 
stability at all Mach numbers. At higher angles of attack, the jet-interference effects 
were irregular and varied with Mach number and thrust coefficient. Increasing thrust 
coefficient to moderate values generally extended the stable angle-of -attack range at all 
Mach numbers. 

Pressure-distribution measurements on the command module showed that jet 
impingement on the lower surface caused high local-pressure peaks at high angles of 
attack at all Mach numbers. The impingement point moves rearward with increasing 
thrust coefficient, but peak pressure locations on the bottom of the command module 

14 



occur within about the same general range of thrust coefficient and angle of attack at all 
Mach numbers. 

Langley Research Center, 
National Aeronautics and Space Adminjstration, 

Langley Station, Hampton, Va., October 26, 1965. 
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Figure 29.- Effect of angle of attack on command module pressure distributions at 0 = 1800. 
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(e) M = 1.1. 

Figure 29.- Continued. 
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Figure 29.- Continued. 
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Figure 29.- Concluded. 
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Figure 30.- Peak pressures on the command module due to impingement at QI = 1800. 
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